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APIANATIC WAXICON@

Gerald N. Mtnertm
W13 Ala.mOe Sclantulc LatvratQn

Los Alamoo, New MaxIoo .97545

Abstract

Wadcon mirror components offer many advant.age~ in deol@ng optical ayatems for transporting high power laser
beams. The wtde~read use of waxicons hae been Umlted henause of their high aeneltlvity to tilt errors. This pap:r
givee the equations of the mrface~ of ● waxicon that Je rigorously correoted for bth apherIcnl nberratlon nnd co~L.

Computer ray tracing has confirmed Ua low oensitlvity to tilt errors: if the aplanatic waxicon aB a whole la tilted by a
small angle b, the FtMS wavefront error in the output ham will h proportional to 62.

Introduction

The waxicon mirror element lo a useful component 10 optical deeign, particularly in sydema for tranuportbg high
power anrwk laser Imame. The simplest application of a waxioon iE ne $splderleee beam eqmnder or beam compac-
tor. (1) The use of waxicona tan been considered for unetable reeonators( ) or Umer amplt.fiere(3) having an ROIIUlar galo
roedlum, There are many dtuatlone where the number of refleottng surfacee, the number of mir :or mounts, or the
overall eize of tho system can be 13j

Y
tflcantly reduced by uetng waxtcone. O ical component of thie type have been

?built and experimentally teuted. (lC 2 Precision maohlnlng of metal mtrrors( ) now make~ U poaaible to fabricate exotic
aurfacea with an accuracy acceptable at infrared and far infrared wavelength. In practice it bne been found(~ that the
design advantages of waxloone are offset &J the faot that their optical performance le extremely senslt Me to tilt errors.
Thte drawback has hindered the widespread application of waxlcons. An ~lyais of the aberrations involved shows that
the high tilt eenaltivlty 1s pmxhIccti matnly by coma: the waxlcon deelgne considered tn the pati etrongly violate the AMM
nine oonditloo, The ap~tlc waxiccms described in tile paper a-~ rigorously corrected for Mb coma and epherical
atwration. AMlytic formulas for the waxkon aurfacea neoessary to produoe theso properties are derived In the next
section. Two axamplee of aplanattc wuicone, and the reauits of a computer ray trace are presented.

Equation of the Apl.anatlc Waxlcon

The derivation is similar to the one given by Schwarzschild(5) for the equation of the aplnnutic t?leecope. Schwarz -
schild’ s solutlon does not tnclude waxlcon corfigurationB. An ab tnitlo derivation 1s needed to obtain the desired formulas,
A graphical construction of the eurfaoea la aleo-weeible, udng a technique described by Luneburg. (6)

In Figure 1 the z-axis IB the axla of symmetry and : IS

the radial dtstance from thlo axis. The ray shown entere and
leavee the waxlcon parallel to the z-uie; it l~tersects the
flrot ourface at the point (pl, Zl) and the second aurfaoe at

(C2122). The mg]e of fncioenoe is denoted by 81 at the ff.r~t
(~, Q

aurlmce and 92 at the second nurfaoe. The Bhape of the eur -
facen la determined by two doftntng conditions. The ftrst is
the oonnematlon of path length (Fermat’s prlnctple). With
the nohtion in Figure 1, thie condition is expressed as

R-z1-z2=2c (c constant). (1) R

The necond oondltion, \

P~ - ro~
1

(ml Conuta.nt),

‘2) (,,,,%la equivalent to the Abbe stne oondltion for ccnjugate potnto
at Infimlty. It ensureB that the waicon is ooma-free,

Referrtng to F’lFlro i.

nod 2 ae

tanWI- dcl/dzl,

work etpported by the U.

we Write the slope of ●rf.aoee 1 ——

(3)

S. Ihwrtrnent of Energy Figure 1.

b al

— ——— .

Notation used for waxlcon gemetn

.
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tana2 - dp#k/

I mpeotton of Figure 2 gtven the followlng reldlom Mween the angles:

61 + 82= -/2,

‘1 -
01- ?l/2,

“2 + ‘2
= n/2.

BY emmfning the relatkm tiwmn (Pi, Z1) md (P2DZ2) me sees tit

- %1 - (02 - C1)AZ2 - Zl),

+(Z -zR2 = (p2- @2 z 1)2.

U the Information in Eq. (1) iB ueed lo Eq. (9), the lntter almpllflec to

(P2-P1)2 = 4(Z1 + C)(Z2+ c). (lo)

our objective ia to GMID sn expreoalm for dcl/dzl which depends only on c1 Wd Z1. From ECIS. (3) ~d (6) we ~ve

dcl/Czl = tan L?l= tan (El + ;) - ‘cot B1. (11)

We now uae the trlgoaometric idevtity

1 1
ac40=— *zi-+ m’

(12)

whloh mshlen us b) ~r8SS Eq. (11) no

%1 ‘2 - ‘1
R

—m .—. —,

dzl 02-01 r2-pl

Equstion (10) ennblee us to eliminde Z1 from Eq. (13). We bve

‘2 - ‘1
- -( Z1+C) + ;(22 - ~1)2/(zl + c),

1
R=z1+a+I(c2 - G1)2/(zl + c),

whioh gives

Eq@ion (2) now enables us to elirnfmte :2:

This differential ~uatlon 10 saoily Integrated

-2/(rn - 1)
+C-ap

‘1 1 m

(4)

(5)

(6)

(7)

(8)

(9)

(13)

(14)

(15)

(17)

(lU)

where a is a cmetant of Integration.
For oonvenlenoe we will allow p to take on negstive vslues; the point (-d, z) is related to (p, W)by a rotation of n

radkno dmut the z-axis. T- e~p)fi the form of ~ SOltilOD we oboooe the origin of z d the Potnt where dcl/dzl = -10

or equhhtly where dp2/dz = 1. From f%a. (17) and (18) we kve
2



. . m-lbc=—
2’

~ - ~ ~-2/(m - 1)
*

where b is the value of o. when z, = O. Tbe constant a is fixed by these two conditions:

The ix@ion of surfs ce 1 can thus be written as

2C
01

[
-=1 ‘

-2/(m - 1)
.

z*1
(1 - m)/2

+= ●

CJ

By combining Eqs. (2), (10), and (18), we san now obtain the equation of surface 2

z2+c= *(m- U2(c2/m)
(2m)/(m - 1)

.

[Jsing the value of a from Eq. (21), we find for surface 2

[1
(!U - 1)/(2m)

2mc ‘2
P2”~ 1+— .

c

(19)

(20)

(21)

(22)

(23)

(24)

The equations of the two surfa~es are interchanged if we replace m by I,/m.
Mansell and SZito(l) descrioed a waxicon which will convert an annular beam with a uniform tntensity profile into one

with a gaussian Intensity profile (or vice versa). The aplanatic waxicons described by Eqs. (22), (24) preserve tbe shape
of the intensity profile, Let II(P1) be the intensity distribution in the input beam , and 12(02) that in the output beam. If

we neglect polarization effects, energy conservation gives

12(C2) 02 4):: = Il(cl) D1 dol.

From Eq. (2) we have
-:!

12(~) = m ll(O/m).

(25)

(26)

In particular, tf the Wput beam has a uniform density profile, the output beam will also be uniform.

Examples of Aplanatic Waxicons

For m = 1 the solutions degenerate into a plane mirror z = - c. Another simple case occurs when m = - 1; we obtain
a right angle conical axkon described by p. = - c - Zl, C2 = c + Z2. A beam expander design with m = 5 and c = 0.35
meters is shown in Figure 2. The range o~ c in meters is O. 15 s F

1
s 0.20 for the input beam and O.75 s 92 ~ 1.0 for the

output bes m. As seen in Figure 2, a difft,se ring focus is obtained at a radius of about 0.29 meters. This w@,xicondesign
was considered as an input mirror for tb~: six annular laser amplifiers in the Antares C02 laser under construction at the
Los Alamos Scientific Laboratory, The use of a waxioon input mirror would reduce the overall length of the amplifier,
and the ring focus would serve for retropulse isoktion. There are several other applications where it would be useful to
produce a diffuse ring focus without sffucting the optical quality of the beam: e.g. in saturable absorber cells, and in
some applications in photochemistry.

Numerical ray tracing confirmed tbt this wexicon is insensitive to tilts, to first order tn the tilt angle. The ray
trIJCQ was perfnrmed on ~,.A~~L~, w +~!c~ ~omp~@ c&.~ gp~c~lly~eS@~~~~~n~!~~x&~~.~~Spk~~!cw~xfac~s.(7)

We used 100 rays parallel to the z-~ xis, r~domly distributed over the entrmce IMulus. If the waxicon In Figure 2 is
ttilted as a whole by a small s~gle 6, the R,MS wavefront devktion will be O.016 6 meters. This formula was verified for

5 valued of 6 between 10‘6 and 10-2 rndlans.
Figure 3 shows another w~icon design with m = -5 and c = 0.35 meters. The input ~d output anuuli are the same as

for the case shown in Figure 2. 7.’he w~icon in Figure 3 produces a line focus on the z- SXiS on ~ interval given by
0.06 s z s 0.14 meters, This c~ise IS ~cluded to illustrate the type of solutions t~t occur. It 1s less practical than the
example b Figure 2: the mirror thickness is greater, and the volume of the diffuse focus considerably smaller.
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Figure 2. Cross section of an aplanatic waxicon with
positive magnification
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Figure 3. Cross section of an aplanatic waxkxm with
negative magnification

Conclusions

Waxicons with reflecting surfaces specified by Eqs, (22) and (24) are fully corrected for spherical aberration and
ooma. If the input beam ie a uniform annular beam parallel to the z-axis, the output beam will also be uniform and
parallel to the z-axis. The optical quality of the output beam will not be affected by tiltlng the waxicon, to first order
in the tilt angle, The designs with m > 0 produoe a diffuse ring focus whioh should be useful for several applications.
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